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1 .  SUMMARY 


This  report  covers  the  technical  progress  on  program  DAAB07-78-C-2992, 
Surface  Acoustic  Wave  Microwave  Oscillator  and  Frequency  Synthesizer,  for  the 
period  of  October  1979  through  March  1980.  The  object  of  the  program  Is  the 
development  of  Surface  Acoustic  Wave  (SAW)  oscillator  and  synthesizer  technology. 
The  Incorporation  of  SAW  technology  In  oscillators  and  frequency  synthesizers 
will  produce  stable,  small,  light  weight,  low  cost  circuits  which  will  be  well- 
sulted  for  tactical  employment.  The  oscillator  phase  of  the  program  has  been 
completed  and  the  results  described  In  the  second  Interim  Technical  Report.  This 
six-month  period  has  been  devoted  to  the  development  of  a  frequency  synthesizer. 

The  synthesizer  under  development  will  be  representative  of  that  required 
for  a  JTIDS  Class  3  type  system.  Design  goals  are  shown  In  Table  1-1.  TRW's 
approach  to  meeting  these  requirements  Is  shown  In  Figure  1-1.  As  this  block 
diagram  indicates,  the  synthesizer  consists  of  three  functional  modules:  the 
Tone  Generation  Module,  Synthesizer  Module,  and  Output  Module.  The  Tone 
Generation  Module  consists  of  four  SAW  oscillators  generating  486,  526.5, 

567,  and  607.5  MHz.  These  oscillators  are  Injection  locked  to  the  output  of 
a  comb  generator  which  In  turn  Is  driven  by  a  reference  40.5  MHz  clock.  The 
outputs  of  the  SAW  oscillators  are  fed  to  the  Synthesizer  Module,  where  they 
are  first  filtered  in  a  SAW  filter  bank  and  then  used  to  drive  RF/LSI  mlx-and- 
divlde  circuitry.  RF/LSI  circuitry  In  the  Synthesizer  Module  consists  of  two 
circuit  types,  a  SP3T  switch  and  a  mlx-and-dlvlde  chip,  each  used  In  four  places. 
The  switches  select  among  the  tones  from  the  Tone  Generation  Module  and  feed 
the  selected  tones  to  the  various  mlx-and-dlvide  chips.  The  combination  of 
tones  provides  81  potential  outputs  with  1.5  MHz  spaclngs.  This  output  Is  fed 
to  the  Output  Module  where  It  Is  doubled,  amplified,  and  filtered. 

During  this  reporting  period  progress  has  been  made  on  the  development 
of  each  module.  A  summary  of  the  progress  for  this  period  Is  shown  below: 

1)  Tone  Generation  Module 

a)  An  evaluation  of  the  fundamental  Injection  locking  properties 
of  SAW  oscillators  has  been  completed. 

b)  Based  on  this  evaluation,  SAW  delay  lines  for  the  SAW  oscillators 
have  been  specified,  designed,  and  are  being  fabricated. 


Table  1-1.  CONTRACT  SPECIFICATIONS 


Parameter 

Requirement 

Frequency  Range 

1296-1533  MHz 

Step  Size 

3  MHz 

Spurious  Suppression 

.68  dBc 

Frequency  Stability 

1  x  10'®/sec 

1  x  10“8/month 

Phase  Noise 

65  dBc/Hz  @  100  Hz  Offset 
80  dBc/Hz  @  1  KHz  Offset 
>120  dBc/Hz  @  Noise  Floor 

Switching  Speed 

<1 .0  us 

Settling  Time 

<0.1  yS 

Output  Level 

10  dBm  +1  dBm 

Size 

10  In.3 

Power 

5U 

Voltages 

N/S 

Digital  Control  Levels 

N/S 

2 


2)  SAW  Filter  Bank 

a)  The  SAW  filters  used  In  the  SAW  Filter  Bank  are  identical 
to  the  delay  lines  discussed  above.  These  circuits  have 
therefore  been  designed  and  are  being  fabricated. 

3)  Synthesizer  Module 

a)  Processing  and  testing  of  the  switch  are  complete.  The  circuit 
is  now  being  repackaged. 

b)  Test  of  the  mix-and-divide  circuit  ( ADM- 1 )  is  in  progress. 

4)  Output  Module 

a)  Design  of  the  frequency  doubler  is  complete. 

b)  Conceptual  design  of  the  output  module  is  complete. 

c)  Test  results  on  a  similar  breadboard  (non-optimized) 
module  show  excellent  characteristics. 
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PROGRESS 


i.  Tone  Generation  Module 

(1 )  Injection  Locking  Properties  of  SAW  Oscillators 

As  part  of  a  parallel  Independent  Investigation  In  this  technology  area, 
the  Injection  locking  properties  of  SAW  oscillators  have  been  Investigated. 
Injection  locking  bandwidth  Is  generally  expressed  In  terms  of  circuit  Q  and 
a  ratio  of  injected  and  oscillator  output  voltages: 


where 

E-j ,  P-j  =  Injected  voltage  or  power 

Eq,  Pq  =  oscillator  output  voltage  or  power 

a)Q  =  oscillator  frequency 

Q  =  oscillator  output  circuit  Q. 

This  expression  Is  based  on  Adler's1  formulation  of  injection  locking.  Taking 
Adler's  theory,  we  proceeded  to  modify  it  for  Injection  locked  SAW  oscillators. 

We  first  note  that  phase  slope  is  a  more  suitable  measure  of  SAW  filter  proper¬ 
ties  than  circuit  Q. 

Q  Is  defined  as  the  ratio  of  the  oscillator  frequency  to  half  power  bandwidth. 
For  a  single  tuned  circuit,  textbooks  give 

tan  ,  .  2q(^) 

For  small  angles,  the  tangent  function  can  be  approximated  as 

Defining  A  as  the  phase  slope, 

A  *  M.  = 

&U)  U)Q 

Robert  Adler,  "A  Study  of  Locking  Phenomena  In  Oscillators" ,  Proc.  IRE  and 
Waves  and  Electrons,  June  1946,  pp.  351-357, 
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Substituting  this  relationship  Into  Adler's  equation. 


However,  and  PQ  must  be  carefully  defined  when  applied  to  a  SAW 
oscillator  since  power  Is  not  Injected  Into  the  circuit  output  but  at  a  low 
power  point  In  the  loop.  It  appears  that  the  significant  parameter  Is  the 
ratio  of  Injected  voltage  to  feedback  voltage.  With  these  considerations. 
Injection  locking  bandwidth  for  a  SAW  oscillator  can  be  restated  as 


where 

Ab)  =  one-sided  Injection  locking  bandwidth  (In  radians/sec) 

A  ■  phase  slope 

PINJ  *  Injection  locking  power 

PpB  =  oscillator  feedback  power  at  point  of  Injection. 

Based  on  this  restatement  of  Adler's  formula,  SAW  oscillators  with  delay  lines 
of  various  phase  slope  have  been  characterized.  Four  oscillators  were  con¬ 
structed  using  SAWs  with  passbands  and  phase  slopes  shown  In  Figures  2-1  through 
2-4.  Note  the  different  phase  slopes  for  these  delay  lines: 

SAW  No.  °/MHz 

1  66.3 

2  720 

5  1200 

6  144 

The  Injection  locking  properties  of  these  oscillators  are  shown  In 
Figures  2-5  and  2-6.  Figure  2-5  Is  a  plot  of  measured  Injection  locking  band¬ 
width  (two-sided)  vs  injection  locking  power  for  the  four  SAW  filters.  Note 
that  Increasing  phase  slope  reduces  Injection  locking  bandwidth  as  predicted. 
Also  these  curves  show  the  dependence  of  bandwidth  on  the  square  root  of  power 
as  required  by  the  theory.  Figure  2-6  Is  a  plot  of  the  Injection  locking  band¬ 
width  equation  with  points  measured  from  Figure  2-5  superimposed.  This  plot 
clearly  shows  the  excellent  agreement  of  Injection  locked  SAW  oscillators  to 
Adler's  theory  as  modified  herein. 
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Figure  2-1 .  SAW  #1  AMPLITUDE  AND  PHASE  RESPONSE 
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Figure  2-4.  SAW  #6  AMPLITUDE  AND  PHASE  RESPONSE 


Figure  2-5.  OSCILLATOR  BANDWIDTH  vs.  INJECTION  LOCKING  SIGNAL  POWER 


PASSBAND  PHASE  SLOPE  (‘’/Mz) 


These  measurements  have  shown  that  phase  slope  Is  a  critical  parameter 
In  the  design  of  SAW  delay  lines  to  be  used  In  Injection  locked  oscillators. 
Based  on  these  measurements,  specifications  for  the  designs  of  the  SAWs  for 
this  program  have  been  generated.  These  designs  are  discussed  In  detail  In 
the  following  section. 

(2)  SAW  Delay  Line  Design 

The  SAW  devices  used  In  the  frequency  synthesizer  tone  generation  module 
consist  of  four  delay  lines  with  center  frequencies  at  486,  526.5,  567.0  and 
607.5  MHz.  The  specifications  for  these  delay  lines  are  such  that  techniques 
used  In  the  design  of  delay  lines  for  the  microwave  oscillator  part  of  the 
program  can  be  directly  applicable.  In  the  microwave  oscillator  SAW  delay 
line  design,  each  delay  line  consists  of  two  Identical  transducers  with  split 
electrode  configuration.  The  transducers  operate  at  the  third  harmonic  and 
the  finger  width  stays  well  within  the  resolution  limit  of  conventional  photo- 
lithographic  techniques.  The  design  of  the  present  delay  lines  is  identical. 
One  basic  design  Is  employed  for  the  four  different  frequencies  by  simply 
scaling  the  dimensions  according  to  the  frequency  ratios.  The  schematic  of 
the  delay  line  configuration  is  shown  in  Figure  2-7. 

The  substrate  chosen  for  these  delay  lines  Is  CT  cut  quartz  with  0  =  38°. 
The  reason  for  using  the  CT  cut  Instead  of  the  ST  is  due  to  the  fact  that 
nearly  half  of  the  substrate  surface  in  the  SAW  delay  line  region  is  covered 
with  aluminum  metallization.  This  metallization  lowers  the  turnover  tempera¬ 
ture  or  the  temperature  at  which  the  SAW  center  frequency  exhibits  minimum 
frequency  change.  With  the  presence  of  this  metall Izatlon,  the  most  temperature 
stable  cut  Is  no  longer  ST-cut  but  Is  CT-cut,  when  the  proper  metallization 
thickness  Is  employed. 

The  design  parameters  Including  the  metallization  thickness  are  summa¬ 
rized  In  Table  2-1.  Table  2-2  summarizes  the  specifications  as  compared  to  the 
expected  performance  characteristics. 
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Table  2-1.  SAW  Design  Parameters 


Center 

Frequency 

(MHz) 

No.  of  Pairs 

Per  Transducer 

Acoustic 

Aperture 

Finger 

Width 

(um) 

Center-to-Center 
Separation  Between 
Transducers  (XQ) 

A1  Metallization 
Thickness 

486.0 

32 

90 

2.43 

105 

750 

526.5 

32 

90 

2.24 

105 

700 

567.0 

32 

90 

2.08 

105 

650 

607.5 

32 

90 

1.94 

105 

600 

*  Xo  *  ^oustlc  wavelength  at  the  center  frequency. 


Table  2-2.  Specification  vs.  Expected  Performance 


Center  Frequency 
Insertion  Loss  (dB) 


Specification 

486.0,  526.5 
567.0,  607.5 

2  25  dB  Tuned 


Capability 
Compliance 
1  24  dB  Tuned 


Delay  Tlme.T  (usee)  5  0.25 

3  dB  Bandwidth  -  1 /t* 


0.22,  0.20 
0.19,  0.17 

Compliance 


*  Condition  for  single  mode  operation 


b.  Synthesizer  Module 

The  synthesizer  module  consists  of  four  identical  functions  for 
selecting  the  desired  frequency  tone  and  mixing  and  dividing  this  tone. 

Each  function  consists  of  two  RF/LS I  chips,  a  switch,  and  a  mix-and-divide 
(ADM)  circuit.  Although  these  two  circuit  functions  could  easily  have  been 
designed  on  the  same  wafer,  they  were  fabricated  on  two  physically  separate 
wafers  so  additional  electrical  Isolation  could  be  obtained  from  the  physical 
separation. 

(1)  RF/LSI  Switch 

The  RF/LSI  switch  has  been  processed  and  tested.  The  circuit  schematics 
were  shown  In  the  Second  Interim  Report  and  are  not  repeated  here.  The  circuit 
has  been  designed  to  be  a  pin  programmable  SP3T  or  SP4T  switch.  Although  the 
circuit  will  be  used  as  a  SP3T  switch  in  the  synthesizer,  data  on  all  four 
inputs  is  Included  In  this  report  for  completeness.  The  switch  parameters  which 
have  been  characterized  Include  Input  and  output  reflection  coefficient,  trans¬ 
ducer  gain,  bandwidth,  switching  speed  and  Isolation. 

Reflection  coefficients  are  shown  in  Figures  2-8  and  2-9.  The 
magnitude  of  the  reflection  coefficient  for  all  ports  Is  approximately  .88. 

This  represents  approximately  13  dB  mismatch  loss  and  indicates  the  switch  will 
require  matching  networks.  Transducer  gain  is  shown  in  Figures  2-10  through 
2-13.  In-band  gain  is  between  2  and  5  dB  (for  an  "ON"  channel).  Once  matched, 
an  "ON"  channel  will  provide  15  to  18  dB  of  gain.  Bandwidth  Is  also  shown  In 
Figures  2-10  through  2-13.  The  3  dB  bandwidth  Is  600  MHz,  and  the  switch  shows 
available  gain  well  beyond  1300  MHz. 

Switching  speed  has  been  measured  to  be  between  10  and  20  ns.  Figure  2-14 
shows  oscilloscope  photographs  of  both  the  switch  command  signal  and  the  switched 
RF  signal.  The  dot  pattern  representing  the  RF  signal  results  from  using  a 
sampling  scope.  The  RF  signal  for  these  measurements  was  approximately  500  MHz. 
Switching  speeds  of  20  ns  are  well  within  the  synthesizer  requirements. 


Isolation  of  the  switch  Is  far  below  the  expected  70  dB.  Measured 
Isolation  Is  typically  40  dB.  Since  thlslsfar  below  the  computer-predicted 
performance,  tests  have  been  run  to  evaluate  the  package  isolation,  which 
was  found  to  be  only  40  to  45  dB.  A  new  switch  package  has  since  been 
designed  and  Is  being  fabricated.  The  new  packaging  approach  consists  of  the 
RF/LSI  chip  mounted  on  a  coplanar  waveguide  (CPW)  substrate.  The  substrate 
In  turn  Is  mounted  In  a  hybrid  package.  Tests  have  been  run  on  the  Isolation 
provided  by  this  approach.  Isolation  In  excess  of  60  dB  Is  assured.  CPW 
is  an  Ideal  medium  for  launching  onto  differential  RF/LSI  circuitry.  This 
transmission  medium  provides  both  a  signal  path  and  ground  path  at  the  chip 
interface  and  thereby  enhances  common  mode  rejection.  Figure  2-15  shows  a 
sketch  of  a  CPW,  basically  a  narrow  strip  with  two  ground  planes  running 
adjacent  and  parallel  to  the  strip  on  the  same  side  of  a  substrate.  Classically, 
CPWs  are  characterized  by  their  characteristic  Impedance  and  phase  velocity 
calculated  by  assuming  that  the  dielectric  substrate  Is  thick  enough  to  be 
considered  Infinite.  However,  In  the  current  application,  a  ground  plane  is 
used  not  only  adjacent  to  the  conductor  but  on  the  other  side  of  the  relatively 
thin  dielectric  substrate.  The  analysis  to  calculate  this  perturbation  has 
been  developed  at  TRW2  and  Is  based  on  a  finite  difference  method  with  a 
network  elimination  technique.  Figure  2-16  shows  the  change  In  characteristic 
Impedance  for  the  particular  geometry  described  in  the  figure  as  the  ground 
plane  (L^  distance  Is  moved  closer  to  the  dielectric.  Very  good  agreement 
has  been  obtained  between  measurement  and  the  calculations.  By  using  this 
packaging  concept,  total  Isolation  through  the  switch  of  more  than  70  dB  is 
expected. 

Figure  2-15. 
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JC.  P.  Wen,  "Coplanar  Waveguide:  A  Surface  Strip  Transmission  Line  Suitable 
for  Nonreciprocal  Gyromagnetlc  Device  Applications",  Vol .  MTT-17,  pp.  1087-1090, 
December,  1969. 

2C.  L.  Chao,  "Computation  of  Coplanar  Waveguides",  TRW  IOC  76-7327 -S-14, 

June,  1976. 
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CHARACTERISTIC  IMPEDANCE  (Ohms) 


The  first  of  the  mlx-and-dlvlde  RF/LSI  chips  (ADM-1)  have  been 
fabricated  and  tests  have  just  begun.  In  general,  the  chip  does  functionally 
perform,  dividing  the  reference  and  mixing  with  the  RF  to  produce  an  IF. 

Table  2-3  shows  the  preliminary  data  on  the  first  chip  measured  (serial 
number  002).  It  was  discovered  that  this  chip  only  operates  In  the  *3  mode. 

The  spurious  levels  are  higher  than  expected,  but  the  data  Is  too  preliminary 
for  any  conclusions.  The  second  chip  (serial  number  001),  Is  just  undergoing 
tests  and  does  work  In  both  the  *3  and  +4  configurations. 

c.  Output  Module 

The  design  of  the  Output  Module  Is  completed  and  a  breadboard  similar 
to  the  design  has  been  fabricated  and  characterized.  A  schematic  of  the  circuit 
is  shown  In  Figure  2-17.  The  circuit  Is  used  to  frequency  double  and  amplify 
its  imput  to  produce  a  1296  to  1536  MHz  synthesizer  output  at  a  saturated  power 
of  +10.3  dBm.  Operation  of  the  circuit  can  be  followed  through  Figure  2-18, 
which  details  gain  and  power  distribution  for  the  module.  The  Input  amplifier 
chain  is  used  to  amplify  the  Synthesizer  Module  output  to  approximately  +13  dBm 
at  the  doubler  input.  The  doubler  doubles  the  input  frequency  with  a  conver¬ 
sion  loss  of  approximately  12  dB.  The  ampl If ler /filter  chain  following  the 
doubler  amplifies  the  doubler  output  to  a  saturated  level  of  approximately 
+10  dBm  and  filters  out-of-band  spurs.  Packaged  thin  film  amplifier  modules 
are  used  to  provide  the  desired  gain.  Pads  shown  throughout  the  module  are 
used  to  eliminate  mismatches  between  circuits  and  thereby  assure  circuit 
stability.  As  Figure  2-18  Indicates,  an  input  drive  level  of  -22  dBm  (minimum 
Synthesizer  Module  output  power)  produces  a  saturated  +10.3  dBm  output.  Total 
noise  power  at  the  output  will  be  less  than  -40  dBm. 


(1 )  Frequency  Doubler 

To  minimize  cost,  complexity,  and  to  improve  temperature  performance,  a 
passive  diode  doubler  design  was  chosen.  A  schematic  for  the  circuit  Is  shown 
in  Figure  2-19.  In  this  design  the  diodes  are  driven  from  RF  signals  with  180° 
relative  phase.  Each  of  the  diodes  conducts  for  half  a  cycle  resulting  in 
full  wave  rectification.  The  output  waveform  Is  therefore  rich  In  second-order 
harmonics.  The  180°  relative  phase  Is  provided  by  driving  one  diode  from  the 
center  pin  of  TL1  while  driving  the  other  from  the  jacket.  Both  transmission 


I)  CONVERSION  GAIN/SATURATED  POWER:  43  OPERATION 
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II)  SPURIOUS  SIGNAL  LEVELS:  *3  OPERATION 


Case  1 :  Flq  -  Frf  *  480  MHz 
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III)  DC  POWER  CONSUMPTION:  43  Mode 


>5.0  VDC 
-5.0  VDC 
>10.0  VDC 


I(s)  ■  96.4  mA  Ptll  ■  1.101W  Total 

I(s)  •  71.3  mA  IH 

I ( s )  •  26.2  mA 


IV.  VSWR  (MEASURED  IN  50  OHM  SYSTEM  WITH  ALTERNATE  PORTS  TERMINATED  IN  50  OHMS). 


rL0  PORT  *  °-07 
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rIF  PORT  ’  0,25 


PIN  2 
PIN  6 
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VSWR  •  1.15:1 
VSWR  •  11.5:1 
VSWR  •  1.7:1 


•  22uHf  •  T  |6.8uF 


Figure  2-17.  OUTPUT  PODULE 


Figure  2-18. 

OUTPUT  MODULE  GAIN/POWER  DISTRIBUTION 


lines  also  serve  as  Idlers  for  even-order  harmonics  and  serve  to  suppress 
odd-order  harmonics.  As  Idlers,  the  transmission  lines  provide  low  Impedance 
paths  at  odd-order  harmonics. 

The  performance  of  the  doubler  Is  shown  In  Figures  2-20  and  2-21  and 
summarized  In  Table  2-4.  The  results  Indicate  worst  case  spur  level  as 
-9  dBc  for  the  third-order  harmonic.  The  design  has  not  been  optimized  for 
spur  rejection  to  harmonically  related  spurs.  (Unmatched  diodes,  an  unbalanced 
power  split,  and  Improper  phase  at  the  diode  Inputs  all  contribute  to  the 
presence  of  harmonically  related  spurs  at  the  output.)  The  spur  performance 
for  the  non-optimized  design  ts  more  than  adequate  in  this  circuit  application. 
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3.  CONCLUSIONS  ANO  PROJECTED  PLANS 

The  microwave  oscillator  portion  of  this  contract  has  been  completed 
and  two  units  delivered.  The  two  units  clearly  demonstrated  the  feasibility 
of  using  SAW  filters  to  stabilize  the  1680  MHz  sources  while  providing  both 
frequency  and  amplitude  modulation  at  a  half  watt  output  power. 

Design  of  the  synthesizer  Is  well  under  way.  Three  functional  modules 
are  used  as  the  building  blocks  for  the  synthesizer.  The  Tone  Generation 
Module  has  been  conceptualized,  a  theory  for  Injection  locking  properties  of 
SAW  oscillators  formulated  and  proven  by  test,  and  the  required  SAW  filters 
In  the  process  of  mask  fabrication.  The  RF/LSI  Synthesizer  Modules  consisting 
of  the  SP3T  (SP4T)  switch  and  mlx-and-dlvlde  (ADM)  chips  have  been  fabricated 
and  are  In  the  process  of  being  tested.  Preliminary  results  have  been  given. 
The  Output  Module  has  been  designed;  the  key  component,  a  frequency  doubler 
circuit,  has  been  fabricated  and  tested  and  a  paper  design  of  the  amplifier 
stage  completed  and  compared  against  tests  on  a  similar,  though  non-optlmlzed, 
breadboard. 

During  the  next  reporting  period  the  synthesizer  will  be  completed. 

Tasks  required  as  part  of  this  effort  Include  the  design,  fabrication,  and 
test  of  a  comb  generator;  processing  of  SAW  delay  lines  and  filters;  the 
design,  fabrication,  and  test  of  four  Injection-locked  SAW  oscillators;  the 
design,  fabrication,  and  test  of  the  Synthesizer  Module;  and  the  design, 
fabrication,  and  test  of  the  Output  Module. 
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Arlington,  VA  22212  (1) 

D.  Chrissotimos,  Code  763 
National  Aeronautics  and  Space  Admin 
Goddard  Space  Flight  Center 
Greenbelt,  MD  20771  (1) 

Naval  Research  Laboratories 
Code  5237 

Washington,  DC  20375 

ATTN:  Dr.  D.  Webb  (1) 

HQ  ESD  (DRI) 

L.G.  Hanscom  AFB 

Bedford,  MA  01731  (1) 

Commander 

US  Army  Missile  Command 
ATTN:  DRSMI-RE  (Mr.  Pittman) 

Redstone  Arsenal,  AL  35809  (1) 

Amy  Materials  and  Mechanics 
Research  Center  (AMMRC) 

Watertown,  MA  02172 

ATTN:  DMXMR-EO  (1) 

Commandet  icatinny  Arsenal 
ATTN:  SARPA-FR-S 
Building  350 
Dover,  NJ  07801 


1  DRSEL-PL-ST 
1  DRSEL-MA-MP 
1  DRSEL-PA 


(2) 


CONTRACT  DISTRIBUTION  LIST  (Continued) 


Coordinated  Science  Laboratory 

Andersen  Laboratories,  Inc. 

University  of  Illinois 

1280  Blue  Hills  Ave 

Urbana,  Illinois  61801 

ATTN:  Tom  A.  Martin 

ATTN:  Dr.  Bill  J.  Hunsinger 

0) 

Bloomfield,  Conn.  06002 

Dr.  J.S.  Bryant 

Mr.  Henry  Friedman 

OCRD 

RADC/OCTE 

ATTN:  DARD-ARP 

Griff iss  AFB,  NY  13440 

Washington,  DC  20310 

(1) 

Autonetics,  Division  Of  North 

Dr.  R.  LaRosa 

American  Rockwell 

Hazel  tine  Corporation 

P.0.  Box  4173 

Greenlawn,  New  York  11740 

0) 

3370  Miraloma  Avenue 

General  Electric  Co. 

Anaheim,  CA  92803 

ATTN:  Dr.  G.  R.  Pulliam 

Electronics  Lab 

Electronics  Park 

General  Dynamics,  Electronics 

Syracuse,  N.Y.  13201 

Division 

ATTN:  Dr.  S.  Wanuga 

0) 

P.0.  Box  81127 

Air  Force  Cambridge  Labs 

San  Diego,  CA  92138 

ATTN:  Mr.  R.  Badewitz 

ATTN:  CR0R  (Dr.  P.  Carr 
&  Dr.  A.J.  Slobodnik) 

Texas  Instruments,  Inc. 

Bedford,  MA  01730 

(2) 

P.0.  Box  5936 

Mr.  R.  Weglein 

13500  N.  Central  Expressway 
Dallas,  Texas  75222 

Hughes  Research  Laboratories 

ATTN:  Mr.  L.T.  Clairborne 

3011  Malibu  Canyon  Road 

Malibu,  California  90265 

CD 

Raytheon  Company 

Mr.  H.  Bush  C0RC 

Research  Division 

28  Seyon  Street 

RADC 

Waltham,  Massachusetts  02154 

Grifflss  Air  Force  Base 

ATTN:  Dr.  M.B.  Schulz 

New  York  13440 

0) 

Dr.  Tom  Bristol 

Sperry  Rand  Research  Center 
100  North  Road 

Hughes  Aircraft  Company 

, 

Sudbury,  Massachusetts  01776 

Ground  Systems  Group 

ATTN:  Dr.  H.  Van  De  Vaart 

Bldg  600/MS  0235 

1901  W.  Malvern 

12) 

Microwave  Laboratory 

Fullerton,  CA  92634 

W.W.  Hansen  Laboratories  of 

Commander,  AFAL 

Physics 

Stanford  University 

ATTN:  .  Mr.  W.J.  Edwards,  TEA 

Stanford,  CA  94305 

Wrlght-Patterson  AFB,  Ohio  45433  (1) 

ATTN:  Dr.  H.J.  Shaw 

CONTRACT  DISTRIBUTION  LIST  (Continued) 


Polytechnic  Institute 

of  Brooklyn 

Route  No.  110 

Farmingdale,  NY  11735 

ATTN:  Dr.  A. A.  Oliner  (1) 

Westinghouse  Electric  Corp. 

Research  &  Development  Center 

Beulah  Road 

Pittsburgh,  PA  15235 

ATTN:  Dr.  J.  DeKlerk  (1) 

Stanford  Research  Institute 

Menlo  Park,  CA  94025 

ATTN:  Dr.  A.  Bahr  (1) 

International  Business  Machines 
Corp. 

Research  Division 
P.0.  Box  218 

Yorktown  Heights,  NY  10598 
ATTN:  Dr.  F.  Bill  (1) 

TRW 

Defense  and  Space  Sys  Group 

One  Space  Park 

Redondo  Beach,  CA  90278 

ATTN:  Dr.  R.S.  Kagiwada  (1) 

Tektronix  Inc. 

P.0.  Box  500 

Beaverton,  OR  97077 

ATTN:  Dr.  R.  Li  (1) 

Dr.  Fred  S.  Hickerr.ell 
Integrated  Circuit  Facility 
Motorola  Govt. 

Electronics  Div. 

8201  East  McDowell  Road 
Scottsdale,  AZ  85257  (1) 


H.F.  Teirsten 

C/0  Rensselaer  Polytechnic 

Institute 

Troy,  NY  12181 

McGill  University 
ATTN:  G.W.  Farnell 
Montreal  110, Canada 

Advanced  Technology  Center, 
Inc. 

Subsidiary  of  LTV  Aerospace 
Corp. 

P.0.  Box  6144 
Dallas,  Texas  75222 
ATTN:  Mr.  A.E.  Sobey 

United  Aircraft  Research  Labs 
ATTN:  Mr.  Thomas  W.  Grudkov/sk 
East  Hartford,  Conn.  06108 

Science  Center 
Rockwell  International 
Thousand  Oaks,  CA  91360 
ATTN:  Dr.  T.  C.  Lim 

University  of  Southern  CA 
Electronic  Science  Lab 
School  of  Engineering 
University  Park,  Los  Angeles 
California  900 
ATTN:  Dr.  K.  Lakin,  SCC  303 

SAWTEK,  Inc. 

P.0.  Box  7756 
2451  Shader  Road 
Orlando,  Florida  32854 
ATTN:  Mr.  S.  Miller 


